. Examples of fresh produce and juice from which bacterial pathogens have been isolated.
Why Have Produce-Related Human Infections Increased?
Several reasons for the increase in produce-related human infections have been proposed. These include changes in dietary habits, including a higher per capita consumption of fresh or minimally processed fruits and vegetables, and the increased use of salad bars and meals eaten outside the home (1). Yearly consumption of fresh fruits and vegetables in the U.S. has increased by almost 20 pounds per person from 1988 to 1996. This has been attributed to both consumer desire to maintain a healthier diet and the year-round importation of high-quality produce into the U.S. In addition, changes in production and processing methods, sources of produce, and the emergence of pathogens not previously associated with raw produce have enhanced the potential for foodborne illness outbreaks associated with raw fruits and vegetables (17) . The end result of these changes is an increased exposure of the general public to fruits and vegetables, which has exacerbated potential problems with contamination by human pathogens.
Sources of Contamination
Determining the exact source of an outbreak is important when devising strategies and interventions to minimize risks of future outbreaks. However, identifying primary inoculum sources for contamination of fresh produce can be tremendously difficult. For example, only two of 27 outbreak investigations described in the NACMCF report on fresh produce clearly identified a point of contamination (26) . Unlike other commodities such as beef and chicken that are rigorously inspected, methods to detect pathogens on fresh produce are less advanced, and the sporadic nature of most contamination further limits the effectiveness of testing. Bacterial pathogens may contaminate fruits and vegetables at any point throughout the production system. Potential pre-harvest sources of contamination include soil, feces, irrigation water, water used to apply fungicides and insecticides, dust, insects, inadequately composted manure, wild and domestic animals, and human handling (3). In the production of seeds intended for sprout production, the practice of animal grazing to initiate flowering of alfalfa may result in the introduction of enteric bacteria in feces. Similar consequences may result from allowing wild animals access to seed fields. Non-composted or improperly composted manure can contaminate fruits and vegetables through uses such as a fertilizer or soil amendment, or in irrigation water. Salmonella, E. coli O157:H7, and Listeria monocytogenes can be found in animal feces. Transmission of E. coli O157:H7 from manurecontaminated soil and irrigation water to lettuce plants, and its migration throughout the plant were recently reported (41, 46) . Evidence of an association of salmonellae with stems and leaves of tomato plants grown hydroponically in inoculated solution has been presented (16) . To limit the introduction of pathogenic bacterial through irrigation, the origin and distribution of irrigation water, as well as the history of the land, should be known. Irrigation wells should be well-maintained, and all irrigation sources should be monitored for human pathogens. Manure used as fertilizer should be treated to eliminate pathogenic microorganisms (e.g., composting or aging) and animals (domestic or otherwise) should be excluded from produce and sprout seed production fields. A maximum amount of time also should be scheduled between the final manure application and harvest.
Post-harvest sources of contamination include feces, human handling, harvesting equipment, transport containers, wild and domestic animals, insects, dust, rinse water, ice, transport vehicles, and processing equipment (9) . High levels of worker hygiene should be enforced, and human waste management at production sites should follow local laws. A list of FDA good agricultural practices can be found at the U. S. Food and Drug Administration, Center for Food Safety and Applied Nutrition website (45) and should be stringently followed to reduce the risk of pre-harvest contamination of produce.
Seed as an Inoculum Source
While the role of seed as a primary inoculum source in plant disease outbreaks is well-established, the significance of seedborne inoculum for human pathogens has been only recently recognized. In many of these cases, vegetable seed sprouts have been implicated as the initial inoculum source. Presently, seed are considered the most significant source of inoculum for foodborne illnesses associated with sprout consumption (27, 42) (Fig. 1) . Investigation of outbreaks has provided support for this conclusion. For example, between March and June of 1995 there was a marked increase in the number of cases caused by Salmonella Stanley in Michigan, Arizona and Finland (21) . For the initial 22 cases, alfalfa sprouts were implicated as the inoculum source, and the bacterial strains isolated from patients in Finland and the U.S. had similar antibiotic resistance and DNA fingerprint profiles (21) . However, the pathogens were not detected in the sprouts or samples of the original seedlots. Further investigation indicated that the outbreaks were associated with sprouts from at least nine different producers who obtained their seed from one U.S. distributor. The seed was purchased from a Dutch shipping company who also supplied seed used to produce the sprouts consumed by people in Finland who also became ill. Eventually, 272 cases in 17 U.S. states were associated with this outbreak; however, due to the common practice of blending seedlots, the original source of contaminated seed could not be determined (21) . Outbreaks involving other Salmonella enterica serovars (Salmonella Havana, Salmonella Mbandaka, Salmonella Infantis, Salmonella Anatum, Salmonella Newport, Salmonella Montevideo, Salmonella Meleagridis, and Salmonella Senftenberg) shared similar characteristics, including either a common source or identical DNA fingerprints (27, 42) .
Ecological Factors Influencing Human Pathogens on Food
Little is known about microbial ecosystems on the surface of raw fruits and vegetables. Some produce, such as fully ripe tomatoes, are in a pH range (3.9 to 4.5) that prevents or retards growth of enteric pathogens such as Shigella and E. coli O157:H7. The pH of many vegetables, melons, and soft fruits is 4.6 or higher, which is suitable for the growth of pathogenic bacteria. The growth and survival of human pathogens could be affected by the presence of post-harvest pathogens such as Botrytis cinerea or Penicillium spp. Growth of post-harvest fungi in subsurface tissues can alter the pH of plant tissues, allowing the growth of pathogenic bacteria. Populations of L. monocytogenes inoculated into decayed apple tissue increased on fruit infected by Glomerella cingulata but not by Penicillium expansum (11) . This difference was attributed, in part, to the increase in pH of the infected tissues from 4.7 to 7.0 as a result of infection by G. cingulata compared to a decrease in pH from 4.7 to 3.7 as a result of infection by for P. expansum (11) . Similar results were obtained with E. coli O157:H7 when co-inoculated with G. cingulata or P. expansum on apple (35) . Damaged tissue or lesions on plant surfaces produced by post-harvest spoilage fungi or bacteria could also affect microbial growth due to the presence of nutrients or numerous phytoalexins and other antimicrobial compounds in exudates. In a study of more than 500 samples, each of healthy or soft rotted vegetables and fresh fruits, the incidence of suspected Salmonella spp. on produce affected by bacterial soft rot (e.g., Erwinia carotovora, Pseudomonas fluorescens, and Pseudomonas viridiflava) was twice that of healthy samples (50) . More information is needed on the interactions between plant pathogenic fungi or bacteria and the survival and growth of human pathogenic bacteria on produce.
Interactions between human pathogens and the resident, non-pathogenic microflora have been studied in dairy and meat products (28) , but little is known about these interactions on fruit and vegetable surfaces (Fig. 2) . Large differences in surface morphology and metabolic functions of different plant organs (e.g., fruits, flowers, leaves, roots) provide a wide range of diverse ecological niches that could be selective for specific species or communities of microorganisms. Microbial growth on raw fruits and vegetables can result in the formation of biofilms by spoilage and non-spoilage microorganisms. These biofilms can provide a protective environment for pathogens and reduce the effectiveness of sanitizers and other inhibitory agents. For example, L. monocytogenes, in a multi-species biofilm with Pseudomonas fragi and Staphylococcus xylosus, has been reported to be essentially unaffected by treatment with 500 ppm free chlorine (29) . Biofilms have been observed on numerous leaf surfaces, including spinach, lettuce, Chinese cabbage, celery, basil, parsley, and endive (25) . No information is available on the behavior of pathogenic bacteria in biofilms formed by the microflora associated with raw fruits and vegetables. The species composition of biofilms on various container and equipment surfaces used in the produce industry would also be predicted to differ greatly, depending on the type of produce being harvested or processed. These microflora differences could influence survival and growth characteristics of pathogenic bacteria.
As with phytopathogenic bacteria (22) , vegetable seed can support the prolonged survival and growth of human pathogens. Aerobic plate counts indicate that natural bacterial populations can reach levels of 10 4 colony forming units (CFU) per gram of alfalfa and onion seed (32) . These populations vary significantly depending on how seed are produced, processed, and stored. Unfortunately, on sprout seed, small initial populations of pathogens can grow to high numbers during sprout production. Conditions of high relative humidity and temperature, together with nutrient-rich root exudates, support rapid bacterial multiplication. Populations of bacteria as high as 10 8 to 10 9 CFU/g have been observed on sprouted onion and alfalfa tissues (32) . Salmonella Stanley populations have been reported to increase by 2.5 log units within 24 h of germination for contaminated alfalfa seed (18) . Pathogenic bacteria can survive for prolonged periods in or on stored dried seed, and long-term survival is greater at lower temperatures (43) . Hence, finding the optimum storage conditions that promote the desiccation and ultimate reduction of bacterial populations without compromising seed quality is a viable option for reducing bacterial populations. Taormina and Beuchat (43) found that E. coli O157:H7 populations on artificially infested alfalfa seed remained viable for up to 38 weeks when stored at 5°C. On the other hand, E. coli O157:H7 populations declined rapidly after 1 week at 25°C or 37°C. After 8 weeks of storage at 37°C, the pathogen could no longer be recovered by direct plating but was recovered by a more sensitive enrichment technique. After 54 weeks, E. coli O157:H7 could not be detected. It is unlikely that appropriate storage conditions alone could be a reliable method to eliminate pathogenic bacteria from infested seed; however, the right storage conditions could reduce the risk of cross-contamination. It is also critical to ensure that rodents and other animals are excluded from facilities to prevent fecal contamination of seed. Physical seed damage, which may occur during seed conditioning, may promote seed deterioration and enhance bacterial survival and crosscontamination (43) . Blending of seed of different origins for sprout production presents an additional risk of cross-contamination and makes it difficult to track the source of contamination in subsequent epidemiological investigations. Finally, improper storage of seed can lead to seed decay, which is usually accompanied by both qualitative and quantitative increases in the seed microflora.
Methods to Eliminate Human Pathogens from Fresh Produce
The lack of an effective antimicrobial treatment at any step from planting to consumption means that pathogens introduced at any point may be present on the final food product. Washing and rinsing some types of fruits and vegetables prolong shelf-life by reducing the number of microorganisms on the surfaces. However, only a portion of pathogenic microorganisms may be removed with this simple treatment. Use of a disinfectant can enhance efficiency of removal up to 100 fold, but chemical treatments administered to whole and cut produce typically will not reduce populations of pathogens by more than 2 to 3 log 10 CFU/g (5) . Pathogens also vary in their sensitivity to sanitizers. For example, L. monocytogenes is generally more resistant to chlorine than are Salmonella and E. coli O157:H7 (5). The general lack of efficacy of sanitizers on raw fruits and vegetables can be attributed, in part, to their inaccessibility to locations within structures and tissues that harbor pathogens. Pathogenic bacteria are able to infiltrate cracks, crevices, and intercellular spaces of seeds and produce. Infiltration is dependent on temperature, time, and pressure, and only occurs when the water pressure on the produce surface overcomes internal gas pressure and the hydrophobic nature of the surface of the produce (6, 9) . Infiltration may also be enhanced by the presence of surfactants and when the temperature of the fruit or vegetable is higher than the temperature of a water suspension of cells. The protective mechanism of these sites is not well understood but the concept that hydrophobicity of microbial cells aids in their protection by inhibiting penetration of the disinfectants has been proposed.
Seed Treatment
The elimination of bacteria from seeds by chemical or physical treatment is critical for reducing the risks of sproutborne disease outbreaks. In many of these outbreaks, vegetable seed sprouts have been implicated as the initial inoculum source. While they significantly reduce bacterial contamination, it is unlikely that chemical seed treatments can completely eliminate bacteria from seed. The biggest barriers to complete disinfestation of seed include: (1) treatment dosages must inactivate microorganisms without adversely affecting seed viability; (2) treatments must contact bacteria that in some cases are located in protected seed tissues; and (3) seed may inactivate certain treatments, making them less effective. Nevertheless, there have been many reports describing the efficacy of chemical seed treatments for sprout seed including chlorine compounds (e.g., calcium and sodium hypochlorite), ethanol, hydrogen peroxide, calcium EDTA, 4-hydroxybenzoic acid, ozonated water, and commercial disinfestants (4, 5, 8, 19, 43, 50) . Treatment of sprout seed with gaseous chemicals has also been evaluated (12, 49) . Similar to results observed with fresh produce, seed treatment fail to completely eliminate the pathogens on a consistent basis. This failure has been attributed to the inability of chemical disinfestants to make contact with the bacteria within protected seed tissues.
Thermotherapy (e.g., hot water treatment) is another option that has been explored for seed disinfestation (14) . This approach includes exposing seeds to temperatures of 57 to 60°C for short periods (e.g., 10 min) (40) and has been employed extensively for seedborne phytopathogens with varying levels of success (14) . Elevated temperatures will kill seedborne bacteria; however, the negative impact of hot water treatments on seed germination and sprout vigor is of great concern. There is a narrow optimum range for the temperature and exposure time that makes hot water treatments risky and difficult to implement commercially. For example, when treating large batches of seed, it is difficult to ensure uniformity of temperature throughout the water bath and, while a portion of the seed receives the appropriate temperature-time exposure, some will still contain viable bacteria after treatment. Additionally, there is the risk of cross-contamination using this practice. Combinations of thermotherapy with chlorine have also been shown to reduce, but not eliminate, populations of Salmonella (18) and E. coli O157:H7 (7) on alfalfa seeds.
Ionizing radiation has also been explored for the elimination of E. coli and Salmonella from seeds intended for sprouting (34) . Radiation energy is a particularly attractive treatment because it can penetrate seed tissues and possibly eliminate bacteria localized within protected tissues. Irradiation of seeds also has been shown to reduce Salmonella populations without affecting germination (34) . However, high levels of irradiation can negatively affect the physiology of seedlings and more research is needed to assess the potential and risks of this approach. Other non-thermal approaches, including super-critical carbon dioxide (pressurized CO 2 ) (23), ultraviolet radiation, ultrasound treatments (40) , and magnetic resonance fields, may have potential as seed treatments for reducing populations of foodborne pathogens.
In general, most of the sprout seed decontamination approaches reduce, but fail to completely eliminate, seedborne bacteria. Unfortunately, population reduction alone is unsatisfactory because even low bacterial populations pose significant public health risks due to explosive increases during sprouting. Similar to results observed with fresh produce, seed treatments fail to completely eliminate the pathogens on a consistent basis. However, greater success may be achieved by combining compatible seed treatments to yield disinfestation capabilities without compromising seed viability or physiology.
Seed Testing
As mentioned above, the ability to effectively determine the source of microbial contamination of seed is difficult. Seed testing is a requisite tactic for identifying and excluding sprout seeds as a source of contamination with pathogenic bacteria. However, testing seed for human pathogens is plagued by the same problems faced by testing for phytopathogenic bacteria. Namely, the number of contaminated seeds within naturally infested seedlots is usually low and unevenly distributed. Hence, statistically sound sampling schemes must be employed. Inadequate sampling or small sample sizes may explain why laboratory analyses of sprout seed samples have rarely led to the detection of Salmonella or E. coli O157:H7 in suspected lots. Nevertheless, seed assays should be rapid, sensitive, specific, and easy to interpret. Many seed detection assays are available for bacteria, including semi-selective agar media, serologybased techniques (ELISA and immuno-fluorescence staining), and culture enrichment (36) ; however, the processes by which bacteria are extracted from seeds are limited and sometimes inadequate. This is mainly due to the uneven surface features of seed coats that protect bacteria (10) . This inability to efficiently extract bacteria contributes significantly to the variability observed in seed test performance. In general, bacteria are extracted from seeds by extended soaking in buffer or by physical disruption (e.g., in a stomacher or blender). Wu et al. (51) found that disrupting the seedcoat with a stomacher or blender increased the release of E. coli O157:H7 cells from artificially infested alfalfa seed. While 10 6 CFU of E. coli O157:H7 per gram of alfalfa seed were recovered, it may be possible to improve the detection of extracted bacteria by molecularbased assays such as the polymerase chain reaction (PCR) (13, 38) . Recently, PCR has evolved as a technique that is highly applicable for detecting pathogens and has vast potential for screening sprout seeds (39, 47, 48) . Unfortunately, many seed types contain compounds that inhibit PCR, yielding false-negative results, and the development of test protocols to overcome these limitations is needed. One such modification is immunomagnetic separation (IMS) by which antibodies attached to microscopic polystyrene beads are used to sequester bacteria from heterogeneous suspensions (30, 37) (Fig. 3) . The captured cells can be rinsed and, after lysis, the DNA can be used in PCR analysis. IMS protocols have been reported for E. coli O157:H7 and have been used to recover target cells (51) . Because of the difficulties associated with sampling and detecting bacteria in large seed lots, a negative seed test result does not necessarily indicate that pathogenic bacteria are not present. On the other hand, a positive seed test result can provide information to prevent the distribution and use of contaminated seed.
Plant Pathology and Foodborne Pathogens
So what is the potential role of plant pathologists in better understanding the contamination of food crops by human pathogens and devising better management options to limit human infections? Plant surface microbiology has been actively studied for many years (e.g., 20) , and much of the research is germane to human pathogenic bacteria on seed or fresh produce. Some research on the interactions between plant pathogens contaminating food and the growth and survival of human pathogens has been completed (e.g., 11, 35) , but more could be done. One impediment to this research is the lack of proper facilities (e.g., for biohazard safety) for working with human pathogens in plant pathology laboratories. Many parallels also exist between research in seed pathology and contamination of seed by human pathogens (Fig. 4 ). An exchange of research tools and experiences between seed pathologists and food microbiologists could result in tremendous advances towards the management of foodborne illness outbreaks associated with contaminated vegetables.
While it is unlikely that a single strategy will be successful in eliminating contamination of fresh produce and seed by human pathogenic bacteria, a multi-pronged approach, including sound regulatory policies with adequate enforcement, good agricultural practices in the seed production field, adherence to good manufacturing practices during minimal processing, proper harvesting and storage, seed testing, and antimicrobial treatments may reduce the risks of outbreaks of foodborne illnesses associated with fresh produce and vegetables. Such integrated pest management models have been implemented successfully for some plant diseases and it is likely that this approach will work for minimizing the risk of human pathogenic bacteria on seed and fresh produce. 
